During peripheral nervous system development, Schwann cells are precisely matched to the axons that they support. This is mediated by axonal neuregulins that are essential for Schwann cell survival and differentiation. Here, we show that sensory and motor axons rapidly release heparin-binding forms of neuregulin in response to Schwann cell-derived neurotrophic factors in a dose-dependent manner. Neuregulin release occurs within minutes, is saturable, and occurs from axons that were isolated using a newly designed chamber slide apparatus. Although NGF and glial cell line-derived neurotrophic factor (GDNF) were the most potent neurotrophic factors to release neuregulin from sensory neurons, GDNF and BDNF were most potent for motor neurons and were the predominant neuregulin-releasing neurotrophic factors produced by cultured Schwann cells. Comparable levels of neuregulin could be released at a similar rate from neurons after protein kinase C activation with the phorbol ester, phorbol 12-myristate 13-acetate, which has also been shown to promote the cleavage and release of neuregulin from its transmembrane precursor. The rapid release of neuregulin from axons in response to Schwann cell-derived neurotrophic factors may be part of a spatially restricted system of communication at the axoglial interface important for proper peripheral nerve development, function, and repair.
Introduction
Normal development and function of the peripheral nervous system (PNS) requires spatially and temporally orchestrated communication between axons and their surrounding Schwann cells. During early development, the growth and differentiation of Schwann cells closely follow the outgrowth of axons from their cell bodies to their targets (Bhattacharyya et al., 1994) . Later in development, axons interact differentially with Schwann cells to produce both myelinated and unmyelinated axons (Nilsson and Berthold, 1988; Bolin and Shooter, 1993; Little and Heath, 1994) .
Emerging evidence indicates that signals from the outgrowing axon, including the growth and differentiation factor neuregulin (NRG), are important mediators of PNS development Jessen and Mirsky, 1999; Mirsky et al., 2002; Falls, 2003) . Disruption of NRG signaling between axons and Schwann cells, by directly knocking out either the entire NRG-1 gene or the genes encoding its receptors, erbB2 and erbB3, leads to an almost complete loss of Schwann cells, followed thereafter by death of the sensory and motor neurons that they support (Meyer and Birchmeier, 1995; Riethmacher et al., 1997; Morris et al., 1999; Woldeyesus et al., 1999; Adlkofer and Lai, 2000; Garratt et al., 2000) . These effects are likely attributable to the effects of NRG on Schwann cell proliferation and early survival (Ciutat et al., 1996; Grinspan et al., 1996; Trachtenberg and Thompson, 1996; Winseck et al., 2002) . Later, selective blockade of erbB signaling in nonmyelinating Schwann cells produces a progressive sensory neuropathy with subsequent loss of DRG neurons (Chen et al., 2003) .
NRGs synthesized from the NRG-1 gene are membranespanning precursors (pro-NRG) that undergo regulated cleavage events to produce either soluble, heparin-binding (Ig) forms or membrane-bound cysteine-rich domain (CRD) forms (Wang et al., 2001; Falls, 2003) . The soluble, heparin-binding forms of NRG are highly expressed along developing sensory and motor axons in the PNS through their interactions with endogenous heparan sulfate proteoglycans (Loeb et al., 1999) . These forms are essential for muscle spindle formation (Andrechek et al., 2002; Hippenmeyer et al., 2002) and maintaining high concentrations of acetylcholine receptors at mature neuromuscular junctions (Sandrock et al., 1997) . We showed recently that the amount of heparin-binding NRG forms released at neuromuscular junctions requires neuromuscular activity and is promoted by postsynaptic muscle neurotrophic factor production (Loeb et al., 2002) . This raises the exciting possibility that NRG is released from individual motor nerve terminals in response to postsynaptic neurotrophic factors so that those synapses that are more active will become more stable.
Soluble forms of NRG may also be important for peripheral nerve development, because NRG blocks normal and NMDA and denervation-induced Schwann cell programmed cell death (Kopp et al., 1997; Winseck et al., 2002) . Because Schwann cells express neurotrophic factors, including nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), NT-4, and glial cell line-derived neurotrophic factor (GDNF) (Funakoshi et al., 1993; Henderson et al., 1994; Griesbeck et al., 1995; Friedman et al., 1996) , they could similarly promote the release of NRG from axons. Here we provide evidence that Schwann cell-derived neurotrophic factors induce the rapid release of heparin binding-forms of NRG from axons of sensory and motor neurons. This bidirectional communication provides a way by which neurons and Schwann cells can support their mutual survival and differentiation during development and during the process of nerve repair after injury or disease.
Materials and Methods
Recombinant neurotrophins, erbB antibodies, and NRG and neurotrophic factor antagonists. Recombinant NGF was from Invitrogen (Gaithersburg, MD). BDNF and NT-3 were from Regeneron (Tarrytown, NY), and GDNF was from Amgen (Thousand Oaks, CA) and R & D Systems (Minneapolis, MN). Monoclonal antibodies against erbB2 (Ab-17) and erbB3 (Ab-6) were from Neomarkers (Fremont, CA). Trk receptor fusion proteins (R & D Systems) were used at 10 ng/ml. The monoclonal GDNF blocking antibody was from Amgen, and the polyclonal GDNF blocking antibody (AF-212-NA) was from R & D Systems; both were used at 20 ng/ml. The soluble NRG antagonist, IgB4, is a fusion protein between the extracellular domain of erbB4 and human IgG . Recombinant protein was prepared by culturing transfected human embryonic kidney (HEK) cells in OPTI-MEM for 48 hr, and the media containing secreted IgB4 was concentrated 20-fold using Centricon-10 devices (Millipore, Bedford, MA). Antagonist activity was calibrated by blocking NRG-mediated erbB phosphorylation in L6 myoblasts. Conditioned media from nontransfected HEK cells was used as a negative control and showed no NRG-blocking activity. All other chemicals and reagents were from Sigma (St. Louis, MO).
Measurement of NRG release from cultured neurons. Currently there are no highly sensitive and specific antibodies against NRG that can measure minute physiologic concentrations of NRG by either Western blot or ELISA. To circumvent this, we developed a highly sensitive and specific biological assay for NRG, using tyrosine phosphorylation of the erbB receptors in cultured L6 myotubes.
Test samples were prepared by concentrating neuron culture media 10-fold to 50 l using Centricon-10 devices (Millipore) and added to 100 l of L6 cell culture media (DMEM, 10% FCS, PCN/Strep, 2 nM glutamine) before adding to L6 myoblasts in 48-well plates (Costar, Corning, NY) and allowed to fuse and differentiate for 7-8 d. The test sample was added for 45 min at 37°C to allow NRG activation of erbB receptor tyrosine kinases, after which the cells were placed on ice and lysed with 100 l of lysis buffer (50 mM Tris, 150 mM NaCl, 2 mM EDTA, 15 mM Na 2 HPO 4 , 1% Triton X-100, 0.1% SDS, 0.5% Na-deoxycholate, 10 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, and 20 g/ml leupeptin). Total cell lysate was quantitatively immunoprecipitated overnight at 4°C using monoclonal antibodies against erbB2 (Neomarkers, Ab-17) and erbB3 (Neomarkers, Ab-6) with Protein-G Sepharose beads (Sigma). The beads were washed twice with 1 ml of lysis buffer and then once with 1 ml of PBS. Western blots were performed on 6% reducing gels using an antibody against phosphotyrosine (pY, 4G10; Upstate Biotechnology, Lake Placid, NY) (Li and Loeb, 2001 ) and then stripped and reprobed with a mixture of the erbB2 and erbB3 antibodies to measure the total amount of erbB protein present in each lysate. Optimization experiments comparing erbB protein recovery by immunoprecipitation with total cell lysate revealed that we pulled down nearly all of the erbB receptors. Immunoprecipitation of the NRG receptors with specific antibodies against erbB2 and erbB3 does not rule out the possibility that the other EGF receptor family members, such as erbB4 and the EGF receptor, coimmunoprecipitate with erbB2 and erbB3. Because this can lead to one or more extra bands on a phosphotyrosine Western blot, we reprobe the blot with the same erbB2 (top band) and erbB3 (bottom band) antibodies used for immunoprecipitation. Only the bands revealed by these antibodies are used for quantitation. Band intensity was quantified on a flatbed scanner with a transparency adapter using MetaMorph image analysis software as described (Li and Loeb, 2001) . The calculated ratio of tyrosine-phosphorylated erbB protein to total erbB protein provides a quantitative, linear, and highly reproducible measurement of NRG concentration (see Fig. 1 A) .
Neuronal cultures. Sensory neurons were obtained from embryonic day (E) 12 chicken dorsal root ganglia (DRG) as described (Banker, 1998) and cultured in serum-free media (L15, PCN/Strep, 0.6% glucose, 2 mM glutamine, 0.06% NaHCO 3 ) supplemented with N2, B27, and 10 ng/ml NGF (Invitrogen). Ventral spinal cord cultures containing motor neurons were obtained from E5 chicken ventral spinal cord as described (Loeb and Fischbach, 1997) and grown in serum-free media (L15, PCN/ Strep, 0.3% glucose, 2 mM glutamine, basal medium Eagle (BME) vitamin mix, and 54 g/ml imidazole) supplemented with 6 g/ml E11 chick muscle extract and N2 (Invitrogen). After trituration of the tissue, the cells were plated at 1.25 ϫ 10 5 cells per square centimeter in 24-well plates coated with 15 g/ml laminin (Invitrogen) and 10 g/ml poly-Dlysine (Sigma). The sensory neuron cultures were treated with 1.75 M Ara-C (Sigma) on alternate days (24 hr on, 24 hr off, 24 hr on, 24 hr off) to remove excess fibroblast and glial contamination.
Schwann cell cultures and conditioned media. Schwann cells from E18 chicken sciatic nerves were pooled from several animals and incubated at 37°C for 30 min in HBSS containing calcium and magnesium, with 0.1% collagenase (Worthington, Freehold, NJ) and 0.25% trypsin without EDTA (Invitrogen). The dissociation solution was removed and replaced with 1 ml of DMEM containing 10% horse serum (Invitrogen), and the nerves were triturated. DMEM (10 ml) was added, and the cells were pelleted by centrifugation and resuspended in serum-free culture media (DMEM, PCN/Strep, 2 mM glutamine, 0.3% glucose, BME vitamin mix, 50 g/ml ascorbic acid, 5 g/ml insulin, 50 g/ml transferrin, 1 g/ml Na selenite) and plated at a density of 1.0 ϫ 10 5 cells per square centimeter in T75 flasks coated with collagen (BD Biosciences, San Jose, CA). To obtain Schwann cell-conditioned media (SCCM), the regular culture media was removed after 2 d, and the flasks were washed gently two times in 10 ml of DMEM and replaced with DMEM containing PCN/Strep and 0.1% BSA to collect conditioned media 48 hr later. Cellular debris was removed by centrifugation, and the media was concentrated 20-fold using Centricon-10 devices (Millipore) and passed through a 0.45 m filter.
Campenot-style compartmented culture system. To measure small amounts of NRG from axons, we modified the Campenot chamber slide culture system. These devices have been used to spatially isolate distal axons from neuron cell bodies (Campenot et al., 1994 (Campenot et al., , 2003 MacInnis and Campenot, 2002) . The traditional system uses a Teflon divider attached to a collagen-or laminin-coated plastic substrate with silicone grease so that axons plated into a central compartment can extend axons that penetrate the grease barrier and enter the adjacent, separated compartments. We constructed chambers cut from 2-mm-thick sheets of solid silicone rubber (Grace Biolabs, Bend, OR) modeled after the Camp9 chamber from Tyler Research (Edmonton, Canada) (see Fig.  7A ). Camp9 chambers were laid over the rubber sheet, and a scalpel was used to cut out an exact replica. These were then sterilized, stored in 70% ethanol, and allowed to air dry completely before use. They were applied to tissue culture dishes of various sizes that were coated with 30 g/ml collagen (BD Biosciences), 20 g/ml poly-D-lysine (Sigma), and 20 g/ml laminin (Invitrogen) and allowed to air dry completely (Loeb and Fischbach, 1997) . Because they were constructed from clear 2-mm-thick silicone, axons growing underneath the barrier were easily observed (see Fig. 7C ). Chicken DRG sensory neurons were plated into the central compartment (C), and axons grew underneath the barrier into the outer compartments (U and T) for 4 d. One side (T) was treated with either NGF (100 ng/ml) or BSA for 2 hr at 37°C, whereas the other side (U) was used as a control. The media from eight chambers was pooled and assayed for the release of NRG with the L6 bioassay.
To rule out fluid leakage between compartments that could result in cross-contamination, we used a tracker dye for visual detection (see Fig.  7B ), which was confirmed with the use of a radioactive tracer. Specifically, after conditioned media was removed from each compartment, new L15 media containing 0.2% trypan blue was routinely added to the central compartment, and the chambers were incubated for an additional 2 hr at 37°C. The chambers were then inspected visually for signs of leakage. Only the neuronconditioned media from nonleaking compartments was pooled and analyzed. Typically, this system yields a 40 -70% success rate. The sensitivity of the trypan blue leakage testing was confirmed using 32 P-dCTP (0.25 Ci per chamber). The presence of radioactivity in outer compartments correlated perfectly with visual observation of blue dye penetration. Media from nonleaking compartments contained an average of 28.94 (Ϯ6.55) cpm, compared with the average blank with 26.75 (Ϯ4.05) cpm. Those that showed dye leakage contained between 604 and 3500 cpm.
Real-time, quantitative RT-PCR. Total RNA was collected from intact E18 chick sciatic nerve and from E18 chick Schwann cells cultured for 5 d using the RNeasy kit (Qiagen, Hilden, Germany). To reduce genomic DNA contamination, the column was treated with DNase (137.5 g/ml) for 15 min. The concentration of mRNA eluted from the column was measured with Ribogreen (Molecular Probes), and 1 g of RNA from each sample was reverse transcribed using Superscript II (Invitrogen). The neurotrophic factor primers used were as follows: NGF forward (5Ј-GACT-GCCAGGACCAAGAGGA-3Ј) and reverse (5Ј-GGTGGCGGTGGTTTTGTC-3Ј), BDNF forward (5Ј-AGCCCAGTGAG-GAAAACAAGG-3Ј) and reverse (5Ј-CATGTTTGCAGCATCCAGGT-3Ј), NT-3 forward (5Ј-CACCACTGTACCTCACAGAGGATT-3Ј) and reverse (5Ј-GATGATTTGTCCGTGACCCATA-3Ј), GDNF forward (5Ј-ATGC-CAGAGGATTACCCAGATC-3Ј) and reverse (5Ј-TCTACGTTTGTG-GCTGCACTTT-3Ј). We used glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward (5Ј-TGA TGG GTG TCA ACC ATG AGA-3Ј) and reverse (5Ј-TGG CAT GGA CAG TGG TCA TAA-3Ј). Each of these primer sets produced a single band of the correct size between 125 and 150 bp. We used Amplitaq Gold polymerase (Promega) with the following cycling parameters: 95°C for 10 min followed by 40 cycles of 95°C for 15 sec, 60°C for 10 sec, and 72°C for 50 sec. For real-time quantitative PCR, we used the SybrGreen system (Molecular Probes) on an MJ Research Opticon Machine and normalized to GAPDH.
Results

Cultured DRG sensory neurons release heparin-binding forms of NRG in response to secreted Schwann cell factors
To measure potentially minute amounts of NRG released by neurons, we optimized a bioassay to quantify erbB receptor (p185) phosphorylation in the L6 muscle cell line after stimulation with NRG (Loeb et al., 1998) . This assay significantly amplifies the p185 signal by first selectively concentrating erbB2 and erbB3 receptors by immunoprecipitation followed by measurement of p185 activation with a phosphotyrosine Western blot. The signal is then normalized to the total amount of erbB2 and erbB3 protein in the sample to produce a quantitative and linear assay that can detect as little as 0.125 pM recombinant NRG (Fig. 1 A) . The specificity of this assay was confirmed in three different ways by blocking recombinant Ig-containing NRG with NRG antibodies, heparin, and a soluble erbB4 antagonist (IgB4) (Fig. 1B) . As might be expected for Ig-containing forms of NRG, heparin was the most effective antagonist (Loeb and Fischbach, 1995) . Using this assay, NRG activity was detected in conditioned media from primary cultures of embryonic DRG sensory neurons and was blocked by these same three agents (Fig. 1B) . This suggests that these neurons release a biologically active, heparin-binding form of NRG.
Given that NRG release is a regulated process (Loeb et al., The blot was probed with anti-phosphotyrosine (pY) antibodies and then stripped and reprobed with antibodies to erbB2 and erbB3 (erbB). Quantitation of this blot reveals the ratio of tyrosine-phosphorylated erbB protein to total erbB protein (pY/erbB) to be linear. The dashed line represents the linear regression of this data described by y ϭ 0.4999x, R 2 ϭ 0.9936. B, Specificity of this NRG assay was shown using reagents that block the erbB receptor phosphorylation induced by recombinant NRG (5 pM) as well as sensory neuron culture media. Conditioned culture media was pretreated with an NRG-blocking antibody (1:10), soluble heparin (10 mg/ml), or a soluble fusion protein of erbB4 and human IgG (1:10) and then assayed for NRG as in A. Each reagent inhibited NRG-induced erbB tyrosine phosphorylation from the neuron cultures in a pattern identical to recombinant NRG, indicating that sensory neurons secrete predominately the soluble Ig form of NRG.
Figure 2. SCCM induces the rapid release of NRG from cultured neurons. A Western blot shown in A and then quantified in B showed that NRG release into both DRG sensory and motor neuron culture media was increased after exposure to SCCM for 2 hr. Although a small amount of NRG is present in the SCCM alone, primary sensory and motor neuron cultures released significantly more NRG in response to factors in the SCCM. This was performed in triplicate with the average and SD shown in the graph. Statistical significance for sensory ( p ϭ 0.0092) and motor ( p ϭ 0.0015) neurons was measured with a Student's t test.
1998), we asked whether soluble factors produced by Schwann cells potentiate the release of NRG from sensory and motor neurons, both of which project their axons down the peripheral nerve. SCCM was applied to cultured sensory and motor neurons for 2 hr, and the doubly conditioned media from each was assayed for NRG using the above bioassay. An identical volume of SCCM not given to neurons was assayed in parallel. Exposure of the SCCM to both cultured sensory or motor neurons greatly increased the amount of NRG released over a 2 hr period (Fig.  2) . Interestingly, the SCCM alone also contained detectable levels of NRG activity, but at significantly lower levels, consistent with a previous report of NRG activity from Schwann cells (Rosenbaum et al., 1997) . Taken together, these results show that cultured Schwann cells produce soluble factors that stimulate neurons to release NRG.
Neurotrophic factors expressed in chick sciatic nerve and cultured Schwann cells promote the rapid release of NRG from sensory and motor neurons in a dose-dependent manner
Exactly what Schwann cells make that promotes this rapid release of NRG is not known; however, the neurotrophic factors BDNF, NT-3, and GDNF may be good candidates because they have been shown to increase NRG mRNA and protein expression in cultured motor neurons (Loeb and Fischbach, 1997) and can activate protein kinase C (PKC) signaling, which has been shown to be sufficient to induce NRG release from transfected fibroblasts (Zirrgiebel et al., 1995; Loeb et al., 1998; Wooten et al., 2001 ). We performed real-time, quantitative RT-PCR on E18 chick sciatic nerve as well as on primary Schwann cells cultured from these nerves to determine whether these neurotrophic factors and NGF are expressed in Schwann cells (Fig. 3) . To minimize contamination with other cell types present in intact sciatic nerve (Matsuoka et al., 1991; Zochodne and Cheng, 2000) , we removed all visible fascia and blood vessels during the dissection. Real-time, quantitative RT-PCR revealed significant differences in Schwann cell neurotrophic factor expression, normalized to GAPDH, in vivo versus in vitro. Although transcripts for all four of these factors were indeed present in the intact sciatic nerve (Fig. 3A) , marked changes in their expression levels were seen in the cultured Schwann cells (Fig. 3B) . Specifically, NGF and NT-3 expression decreased 14-and 6-fold, respectively, and BDNF and GDNF expression increased 6-and 5-fold, respectively. This result not only demonstrates the presence of NGF, BDNF, NT-3, and GDNF in sciatic nerve and in cultured Schwann cells that could promote NRG release from neurons, but also shows a remarkable change in neurotrophic factor expression in Schwann cells removed from their normal environment in the intact sciatic nerve. Contributions from other cell types in the sciatic nerve cannot be excluded. The observed changes in neurotrophic factor expression after removal and culture of the nerve are remarkably similar to those seen in vivo after nerve transection or crush injury (Funakoshi et al., 1993; Hammarberg et al., 1996; Cai et al., 1998) . We next asked whether these neurotrophic factors were capable of inducing NRG release from sensory and motor neurons. DRG sensory neurons and motor neurons were exposed to NGF, BDNF, NT-3, or GDNF (100 ng/ml each) for 2 hr, and the culture media was assayed for NRG (Fig.  4) . Nonconditioned media that was identical in every other way (including the presence of the neurotrophic factor) was used as a negative control; none of these factors alone had any effect on p185 induction in L6 cells (data not shown). For both types of neurons, these neurotrophic factors rapidly induced NRG release. The DRG sensory neurons released NRG most Cultures were treated with either neurotrophic factors (100 ng/ml) or PMA (1 M) for 2 hr. Although NGF and GDNF were most able to promote NRG release from sensory neurons, BDNF and GDNF were the two most potent factors for motor neurons. Activation of PKC with the phorbol ester PMA also induced maximal NRG release from both neuron types at a level comparable with neurotrophic factor treatment. Error bars correspond to 1 SD from three replicates. markedly in response to NGF or GDNF and less so with BDNF or NT-3. The motor neurons maximally released NRG when stimulated by GDNF or BDNF more than NT-3. The difference in the spectra of neurotrophic factor responsiveness appropriately reflects differences in the receptor systems expressed in each neuron type (Ernfors et al., 1993; McMahon et al., 1994; Copray and Kernell, 2000) . Previous studies have shown that PKC activation may also be involved in NRG release (Burgess et al., 1995; Loeb et al., 1998) . We therefore measured the amount of NRG released from both types of neurons with the phorbol ester, phorbol 12-myristate 13-acetate (PMA), over the same 2 hr period. PMA induced a maximal amount of NRG release comparable with NGF treatment of DRG sensory neurons and GDNF treatment of motor neurons, raising the possibility that these neurotrophic factors promote NRG release through activation of PKC.
To determine whether this regulated release of NRG from neurons in culture is physiological, we performed time-course and dose-response studies of NGF on DRG sensory neurons. The release of NRG is dose dependent over a wide range of NGF concentrations. Half-maximal NRG release occurred at 64 ng/ml NGF and was saturable at 256 ng/ml NGF (Fig. 5A) . The release of NRG was not only dose dependent, but also quite rapid. NGF induced detectable levels of NRG release from DRG sensory neurons in just 4 min (Fig. 5B) . The amount of NRG released continued over time and was nearly saturated by 1 hr, with a calculated half-maximal effect at 15 min. Although additional NRG was released after 1 hr, it occurred at a considerably slower rate, which could be attributable to either a slower rate of NRG release or an increased rate of degradation. A similar rapid time course was also seen with PMA treatment (Fig. 5C) , again raising the possibility that the neurotrophic factors promote NRG release through PKC activation. Both the dose-response and the time course clearly place the regulated release of NRG from neurons in the physiological range. Although the assay detected only picomolar concentrations of NRG released into the culture media, this would correspond to significantly higher concentrations if it were restricted to the neuronal monolayer (Ն10-fold).
Given that recombinant neurotrophic factors induced the rapid release of NRG from cultured neurons, we postulated that these neurotrophic factors might also be present in SCCM and tested this hypothesis using various specific neurotrophic factor antagonists. We used DRG sensory neurons to test this because these neurons can respond to each of the neurotrophic factors that we studied (Fig. 4) . Because BDNF and GDNF were highly upregulated in the Schwann cell cultures compared with the sciatic nerve, we used two different antagonists for each of these. We used a polyclonal blocking antibody and a soluble TrkB receptor fused to the Fc portion of human IgG to block BDNF (TrkBFc) and two different blocking antibodies against GDNF. These were compared with soluble TrkC receptors fused to human IgG (TrkCFc) to block NT-3. As shown in Figure 6 A, each of these antagonists was capable of effectively blocking its respective neurotrophic factor from inducing NRG release from DRG sensory neurons. When mixed with the SCCM, the TrkBFc, BDNF, and GDNF antibodies, but not the TrkCFc antagonist, significantly reduced SCCM-mediated NRG release from DRG sensory neurons (Fig. 6 B) . When antibodies against BDNF and GDNF were combined, they reduced SCCM-mediated NRG release to near baseline levels, more than any single factor alone. These results were statistically significant on triplicate measurements ( p Ͻ 0.05) and confirmed in a second experiment. Although NGF was the most potent factor to release NRG from DRG neurons in Figure 4 , recombinant BDNF and GDNF were also capable of releasing NRG and appear to be the predominate factors present in SCCM that stimulate neuronal NRG release.
Neurotrophin-induced NRG release occurs in axons
The above results demonstrate that NRG is rapidly released from neurons using physiological concentrations of neurotrophic factors present in Schwann cells. Nonetheless, for this to be a viable means of communication between axons and Schwann cells, it needs to be able to occur along the axon. To determine whether NRG is in fact released from axons, we used a modified Campenot-style compartmented culture system to isolate axons from their cell bodies. These devices are not without leakage Figure 5 . Neurotrophin-induced NRG release from neurons is rapid and dose dependent. A, Primary sensory neurons were exposed to increasing concentrations of NGF for 2 hr. Released NRG was measured by the Western blot bioassay (top) with quantitation (bottom). NGF (4 ng/ml) was sufficient to cause cultured neurons to release detectable amounts of NRG. The curve represents a nonlinear least squares fit best to the exponential equation y ϭ 0.415ln(x) Ϫ 0.5637 and R 2 ϭ 0.9439. B, Sensory neuron cultures were treated with 100 ng/ml NGF for increasing lengths of time and NRG was measured as in A. Detectable levels of NRG (diamonds) appeared within 4 min and reached a plateau after 1 hr. Comparison is made with the amount of NRG released at 128 min without NGF exposure (square). The curve represents a nonlinear least squares best fit to an exponential equation y ϭ 0.464ln(x) ϩ 0.0098 and R 2 ϭ 0.9226. C, Sensory neuron cultures were treated with 1 M PMA for increasing lengths of time, and NRG was measured as in A. As in B, detectable levels of NRG (diamonds) appeared within 4 min and reached a plateau after 1 hr. Comparison is made with the amount of NRG released at 128 min without PMA exposure (square). The curve represents a nonlinear least squares fit best to an exponential equation y ϭ 0.3913ln(x) Ϫ 0.0953 and R 2 ϭ 0.9288.
(ϳ30 -60% of the time), but only those compartments without any sign of leakage were included in the pooled analysis.
DRG sensory neurons plated in the central compartment (C) were allowed to extend their axons into two parallel outer compartments for 4 d (Fig. 7A) . After this time, NGF (100 ng/ml) was added to the "treated" (T) axonal compartment for 2 hr at 37°C, after which NRG was measured from pooled, conditioned media from each of the three compartments combined from eight nonleaking chambers. Figure 7D shows that NGF induced the release of NRG from the treated axons (T) compared with both mocktreated axons on the control chamber slides and the untreated axons (U) on the opposite side of the same chamber slide. Interestingly, in addition to the marked increase of NRG in the treated compartment, an increase in NRG in the central compartment (C) of treated slides was also found. This was also seen in a second experiment. This suggests that not only is NRG released in response to direct neurotrophic factor signaling on axons, but it is also released more proximally through a retrograde mechanism of neurotrophic factor signaling to neuronal cell bodies and proximal axons.
Discussion
Rapid axoglial communication through Schwann cell neurotrophic factors and axonal NRGs
The formation of the peripheral nerve is a dynamic process that ultimately leads to a complete covering of motor and sensory axons by either myelinating or nonmyelinating Schwann cells, which are essential for efficient axonal signaling. During nerve development, Schwann cells migrate along axons and intensively proliferate, producing more Schwann cells than are actually needed. Subsequently, these "excess" Schwann cells are eliminated by programmed cell death in a manner similar to excess neurons being eliminated during development (Oppenheim, 1996; Caldero et al., 1998; Winseck et al., 2002) . The search for axonal factors responsible for the proliferation of Schwann cells has led to the identification of a soluble, heparin-binding axonal activity initially named glial growth factor that was later found to belong to a group of alternatively spliced factors produced by the NRG1 gene (Marchionni et al., 1993; Lemke, 1996) . Genetic studies in mice have shown that NRG signaling is critical for Schwann cell survival and peripheral nerve development. Here we have taken this one step further to show that soluble, heparin-binding forms of NRG are released from axons in a titratable manner, making this an ideal mode of communication that can help modulate this dynamic developmental process.
A plausible means by which localized axoglial communication can occur is summarized in supplemental Figure 1 (available at www.jneurosci.org/cgi/content/full/24/27/6218/DC1). We found that heparin-binding forms of NRG are rapidly released from motor and sensory axons in response to Schwann cell-secreted neurotrophic factors. This occurs in a dose-dependent manner, is saturable, and occurs in a cell-specific way so that motor and sensory neurons have differential spectra of responsiveness to different neurotrophic factors. This is not surprising, because each type of neuron expresses a distinct spectrum of neurotrophic factor receptors (Ernfors et al., 1993; Mu et al., 1993; McMahon et al., 1994; Wright and Snider, 1995; Baig and Khan, 1996; Bhattacharyya et al., 1997; Copray and Kernell, 2000; Rifkin et al., 2000) . A similar amount of NRG was released with nearly identical kinetics after PKC activation with PMA, raising the possibility that neurotrophic factor-induced activation of PKC is responsible for NRG release from axons. A key feature of this signaling pathway is that it can occur along axons, which are in direct contact with Schwann cells. Once released, solu- as well as blocking antibodies against BDNF and GDNF were tested for their ability to block NRG release from DRG sensory neurons using 100 ng/ml BDNF, NT-3, or GDNF. A second ␣-GDNF antibody had similar blocking ability (data not shown). PMA (to stimulate protein kinase C) and BSA were used as positive and negative controls, respectively. NRG release was measured from duplicate samples with the bioassay as described previously and expressed as mean Ϯ 1 SD. B, When the same antagonists were preincubated with SCCM, NRG release from DRG sensory neurons was effectively inhibited by TrkBFc and the BDNF and GDNF antibodies but not the TrkCFc antagonist. Combinations of the BDNF and GDNF antagonists maximally blocked the ability of SCCM to promote neuronal NRG release, suggesting an additive effect by BDNF and GDNF. Triplicate samples were measured with the bioassay, and statistical significance was calculated using a Student's t test (*p Ͻ 0.05).
ble forms of NRG can remain localized to sites of release by binding to heparan sulfate proteoglycans expressed along the developing nerve and at neuromuscular synapses (Loeb et al., 1999) .
A rapid signaling system between axonal NRG and Schwann cell neurotrophic factors parallels the signaling system between motor nerve axons and muscle cells at neuromuscular synapses. We have shown previously that NRG protein expression in the synaptic basal lamina of the neuromuscular junction in vivo is prevented by blocking neuromuscular activity but can be "rescued" with neurotrophic factors (Loeb et al., 2002) . The absence of NRG was not caused by a reduction in NRG mRNA but rather by a reduction in NRG released as a result of activity-dependent expression of muscle-derived neurotrophic factors (Funakoshi et al., 1993; Loeb et al., 2003) . Just as this could be an important feedback loop to potentiate more active synapses through synapse-specific induction of acetylcholine receptor expression (Loeb, 2003) , at the axoglial interface this mechanism may have equally important implications for Schwann cell proliferation, survival, and myelination (supplemental Fig. 1 , available at www.jneurosci.org/cgi/content/full/24/27/6218/DC1).
Role of localized neurotrophic factor-NRG signaling in peripheral nerve development, maintenance, and disease Although much of the research emphasis in neurotrophic factors has centered on their roles as target-derived factors important for neuronal survival during development, neuronal survival is also highly dependent on glial-derived signals (Sepp and Auld, 2003) . Disruption of NRG signaling in mice not only leads to an almost complete loss of Schwann cells, but shortly thereafter, all motor and sensory neurons die. This destruction is far more massive than that seen with any of the neurotrophic factor knock-out models that produced only limited death of specific and often small neuronal populations. This is not too surprising, because Schwann cells are a source of neurotrophic factors, including NGF, BDNF, NT-3, and GDNF (Funakoshi et al., 1993; Bolin and Shooter, 1994; Wetmore and Olson, 1995) and contact a far greater proportion of the axonal surface than do their targets. Because these factors induce the rapid release of NRG, it is possible that some of the neuronal cell death seen in the knock-outs occurred indirectly as a result of failed Schwann cell support.
Although we found that NGF, BDNF, NT-3, and GDNF were expressed in the intact sciatic nerve, Schwann cells cultured from these nerves had dramatic changes in neurotrophic factor expression, with a pronounced downregulation of NGF and NT-3 and upregulation of BDNF and GDNF. Similar changes in neurotrophic factor expression have been shown in the sciatic nerve after Figure 7 . Focal release of NRG from axons. A, Schematic diagram of a compartmented Campenot-style chamber is shown where neurons were plated into the center compartment "C" and allowed to grow into both treated "T" and untreated "U" outer compartments. After 3 d, the 4 neurons extend axons equally into the outer compartments, whereas their cells bodies remain in the center. B, All culture chambers were tested individually for leakage between compartments at the end of each experiment by visual inspection of a tracker dye showing no leakage (1), minor leakage (2), or severe leakage (3). Only media from those chambers with no leakage were used for analysis. C, An example of axons growing under the clear silicone barrier (left) and into the outer compartment (right) is shown. D, These chamber slides were used to assess the effects of 100 ng/ml NGF for 2 hr on axons from the treated side compared with both the untreated and central compartments (right 3 lanes). Measurement of NRG in each of the three compartments revealed that distal axons in the NGF-treated compartment rapidly released NRG compared with the untreated side. NRG release was also promoted in the center compartment, containing proximal axons and cell bodies, suggesting a retrograde signaling event from the distal axons. Control culture chambers without NGF treatment (left 3 lanes) did not release as much NRG into either the T or C compartments. Media from a total of eight culture chambers was pooled for NGF treatment, and four culture chambers were pooled for the negative control. The same pattern of NRG release was seen in replicate experiments. axotomy or nerve crush injury (Funakoshi et al., 1993; Hammarberg et al., 1996; Cai et al., 1998) , suggesting that the regulated release of soluble NRG in injured or diseased nerves may also occur via the production of these neurotrophic factors. Although the cultured DRG neurons optimally responded to NGF to release NRG, they also responded to BDNF, GDNF, and NT-3; however, given the upregulation that we observed in BDNF and GDNF expression and the downregulation of NGF and NT-3 in cultured Schwann cells from intact sciatic nerve, it is not surprising that BDNF and GDNF were the principal NRG-releasing factors found from cultured Schwann cells. Exactly what regulates changes in neurotrophic factor expression in Schwann cells is not known. There is evidence, however, that neuronal NRG can regulate glial neurotrophic factor expression (Verdi et al., 1996; Hansen et al., 2001) , raising the possibility of a reciprocal feedback loop between axonal NRG and Schwann cell neurotrophic factors.
Although the role of NRG in Schwann cell proliferation and survival is well documented (Dong et al., 1995; Levi et al., 1995; Meyer and Birchmeier, 1995; Grinspan et al., 1996; Mirsky et al., 1996; Syroid et al., 1996; Topilko et al., 1996; Baek and Kim, 1998; Jessen and Mirsky, 2002) , the effect of NRG signaling within the peripheral nerve later in development is less clear. NRG expression increases in both motor and sensory neurons as the peripheral nerve matures (Loeb et al., 1999; our unpublished observations) . In these later stages, individual Schwann cells need to decide whether or not to myelinate a given axon. There is evidence that neurotrophic factors are involved in this decision (Chan et al., 2001; Cosgaya et al., 2002) . These studies show that BDNF promotes myelination both in vivo and in vitro. It remains to be seen whether this is caused by a direct effect of BDNF on the Schwann cells or an indirect effect by promoting NRG release from the neurons. Interestingly, GDNF, which leads to effective NRG release from both motor and sensory axons, can cause nonmyelinating Schwann cells to begin myelinating in adults (Hoke et al., 2003) .
Our findings also have implications for understanding and treating diseases of the peripheral nerve. Overexpression of soluble NRG in mice results in malignant peripheral nerve sheath tumors (Huijbregts et al., 2003) . In addition, various studies have shown dramatic changes in both neurotrophic factor and NRG expression after peripheral nerve injury that result in gene expression changes that pattern those seen during early development (Ernfors et al., 1993; Funakoshi et al., 1993; Carroll et al., 1997; Sobue et al., 1998) . Therefore, signaling between neuronderived NRG and Schwann cell-produced neurotrophic factors may have an important role in repairing peripheral nerves after injury. Consistently, both NRGs and neurotrophic factors have been tried therapeutically in humans and in animal models of PNS and CNS diseases that include amyotrophic lateral sclerosis, multiple sclerosis, epileptic seizures, Alzheimer's disease, Parkinson's disease, and traumatic spinal cord injuries (Seeburger and Springer, 1993; Unsicker, 1994; McMahon and Priestley, 1995; Marchionni et al., 1996; Cannella et al., 1998; Apfel, 1999; ter Laak et al., 2000; Coumans et al., 2001; Viehover et al., 2001; Massa et al., 2002; Sayer et al., 2002) . Understanding the dynamics of NRG-neurotrophic factor signaling at the axoglial and neuromuscular interfaces will be important for the rational development of new treatments for these conditions, and this study is the first demonstration of a direct soluble growth factor-mediated axoglial communication system involving axonal NRG and Schwann cell neurotrophic factors.
NRG release from axons
A key observation here is that NRG-neurotrophic factor signaling can occur at the axoglial interface. In pursuing experiments to detect NRG release from isolated axons in culture, a large amount of pooled culture media from many such cultures was needed. In the process, we developed a simplified method to isolate neuronal cell bodies from their axons that was modeled on the Campenot chamber device (Campenot, 1977; Banker, 1998) . Using this method, we have shown that neurotrophic factors promote the rapid release of NRG from axons and provide evidence for an additional retrograde signaling mechanism promoting NRG release from neuronal cell bodies and proximal axons in the middle chamber (Fig. 7D) . Although the significance of retrograde NRG release remains to be determined, these findings are consistent with recent studies suggesting a role for retrograde neurotrophin signaling in axons (Ginty and Segal, 2002; MacInnis and Campenot, 2002) .
